type that responds rapidly to the environment. We found that maltol, a naturally occurring regardless of background color. We also tested how maltol treatment compares to melatonin 2 0 treatment and found that the degree of pigment aggregation induced by maltol is similar to 2 1 treatment with melatonin, but the time course differs significantly. Last, maltol had no effect that maltol does not exert its effects via the camouflage adaptation mechanism nor via 2 5
melatonin-based mechanisms. These results are the first to identify a specific toxicological 2 6 effect of maltol exposure and rules out several mechanisms by which maltol may exert its 2 7
effects on pigment aggregation. 1998; Gross et al. 2002) .
2
The African clawed frog, Xenopus laevis, has been a key animal model for better sensitive response, with melanophore aggregation increasing after exposure to light, and 4 8 decreasing during darkness (Moriya et al. 1996) . Second, photoperiod contributes to changes in found that changes in melanophore appearance result from changes in environmental
cell line exhibited a rapid melanosome dispersion response when exposed to 6 out of the 12
from the tops of the bowls overhead (Utilitech 65W Equivalent Soft White BR30 LED Flood 9 8
Light Bulbs).
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All animal procedures were performed in accordance with Virginia Tech's Institutional To systemically treat tadpoles with the thyroid hormone thyroxine (T 4 ), we first dissolved 1 0 7 100 µg of crystalline T 4 (Sigma) in 6.66 ml of 50 mM NaOH (1.93 mM) and further diluted it to 1 0 8
1.93 µM in Steinburg's solution to make a stock solution, which was stored at -20ºC. Aliquots of 1 0 9
1.93 µM T 4 stock were thawed and 2 mL were added to 198 mL of Steinberg's solution for a (20mM). For experiment 1, we treated tadpoles systemically with 100 µM, 300 µM, 600 µM,
and 1 mM concentrations of maltol, by diluting 1 mL, 3 mL, 6 mL, and 10 mL of the 20 mM
maltol stock in 199 mL, 197 mL, 194 mL, and 190 mL of Steinberg's solution, respectively.
Once bath solutions were constituted, approximately 15 tadpoles were placed in bowls for the duration of the respective experiments. Tadpoles were treated for four days then euthanized and 1 1 7
fixed. Tadpoles were treated for four days then euthanized and fixed. To treat tadpoles with melatonin, we dissolved 50 mg of melatonin (ChemCruz, Santa
Cruz Biotechnology Inc, Dallas, TX, USA) in 50 mL of 100% molecular grade EtOH to create a solution for a final concentration of 5 ng/mL melatonin. Tadpoles were also treated with 1mM
maltol, prepared with methods described above. 5 µL EtOH was added to maltol and control 1 3 1 bowls. Tadpoles were treated for four days then euthanized and fixed. Fixed animals from each group were placed in a custom imaging chamber made from
Sylgard, covered with a coverslip, and imaged using transmitted light on a Leica SP8 confocal
microscope. Three z-stacks were taken per animal: one of the melanophores in the dura mater each eye for analysis of dermal melanophores. Images were taken using a 5X (5.25) dry
objective with a zoom of 1.5, a z-step size of 15 microns and 5 steps for the images of the brain and a z-step size of 16 microns and 20 steps for the images of the interocular space. provided by the manufacturer for Trizol, and performed RNA clean up when necessary.
Following extraction, RNA concentrations were measured on a NanoDrop (Thermo Scientific). RNA samples were then reverse transcribed using the Bio-Rad iScript kit using 500 ng of RNA per reaction. We then performed quantitative PCR (qPCR) using 2 ng of cDNA for each reaction thermocycler. Primers used for quantification of mchR expression can be found in Table 1 .
All reactions were done in triplicate and outliers with deviations more than 1.5 times the standard
deviation from the mean within a set of triplicates were removed from analysis. 
Maltol induces pigment aggregation in dura mater melanophores in a dose-dependent manner
To evaluate whether maltol induces pigment aggregation in melanophores in the dura µM maltol, 300 µM maltol, 600 µM maltol, and 1 mM maltol bath for four days. We then
imaged the brains of the animals using transmitted light on a confocal microscope and quantified and T 4 treated animals were similarly dispersed ( Fig. 1A and B) . While there appears to be a 1 6 5 slight difference in melanophore appearance, with T 4 appearing to make melanophores appear
rounder, these differences were not quantified because melanophore density is so high that most melanophore, appearing to be very round (Fig. 1C ). Tadpoles treated with 300 µM, 600 µM, and
1 mM concentrations of maltol had a significantly lower proportion of their brains covered with comparisons test).
Maltol induces pigment aggregation in dermal melanophores in a dose-dependent manner
In order to assess the effects of maltol on melanophore pigment aggregation on a cell-by-
cell basis, we quantified pigment distribution in dermal melanophores in the area between the 1 7 7
brain and each eye. Unlike in the dura mater, the density of dermal melanophores is low enough
to allow for measurement of individual melanophores. Nevertheless, the patterns observed in
dermal melanophores are similar to those seen in the dura mater. To evaluate degree of pigment
aggregation, we quantified melanophore circularity, roundness, and cross-sectional area.
Increased circularity and roundness are indicative of aggregation, and increased area of dermal
melanophores is consistent with dispersion. As in the dura mater, dermal melanophores in both CNTL and T 4 treated animals were similarly dispersed and that melanophore shape in these
treatment groups were also similar ( Fig. 2A and B). 1mM maltol induced substantial aggregation
in dermal melanophores relative to CNTL (Fig. 2C ). Maltol induced a dose-dependent increase aggregation in a dose-dependent manner, whereas the effect of T 4 is slight but appears to be
opposite to that of maltol.
Maltol induces pigment aggregation in dura mater melanophores irrespective of background
To ascertain whether rearing tadpoles on black or white backgrounds affects the ability of maltol to induce changes in dura melanophore aggregation, we exposed NF stage 48 tadpoles to CNTL (Steinberg's rearing solution), 100 µM maltol, 300 µM maltol, 600 µM maltol, and 1 mM and black background groups (Fig. 3C) . Specifically, 1 mM maltol treatment groups had ANOVA/Dunnett's multiple comparisons test). We also normalized the data to CNTL groups for To evaluate whether rearing tadpoles on black or white backgrounds influences the
ability of maltol to induce pigment aggregation in individual melanophores, we again examined We again saw differences in interocular dermal melanophore pigment distribution that were in a dose-dependent manner across both backgrounds. Normalized circularity to control groups 2 2 4 revealed significant differences between the black and white background groups for both 600 2 2 5
µM and 1 mM maltol treatment groups ( Fig. 4C; in a dose-dependent manner, but the only statistically significant difference in this measure was
between the white background control and 1 mM maltol groups ( Fig. 4D; group showed the general upward trend with increasing concentrations, and there were no 2 3 1 significant differences between backgrounds (Fig. 4E) . Maltol decreased pigment distribution in
dermal melanophores in a dose-dependent manner in both backgrounds (Fig. 4F) with increasing concentrations, and there were no significant differences between backgrounds 2 4 0 (Fig. 4G) . Collectively, the dose-dependent increases in melanophore circularity and roundness To assess whether maltol exposure may affect pigment distribution in melanophores by Xenopus, we exposed NF stage 48 tadpoles on black or white backgrounds to either CNTL or 1 2 4 7 mM maltol bath for four days. We then dissected out the brains and used qPCR to evaluate stimulating hormone (α-MSH). These hormones both affect melanophore behavior, with MCH background, or treatment effect on POMC expression (Descriptive statistics shown in Table 2 ; 
background, or treatment effect on mchR expression (Descriptive statistics shown in Table 2 no statistically significant differences either between treatment groups or rearing background.
5 9
These data show that maltol-mediated changes in pigment aggregation is likely not via changes 2 6 0 in expression of either POMC or MCHR.
6 1
Maltol induces dynamic changes in both dura and dermal melanophores over time
To establish the timing of maltol-induced melanophore changes, we conducted a time we chose the first time point at lights on in the morning. We used melatonin 5 ng/mL as a 30-minute, and 6-hour time points when compared with controls ( Fig. 5A&B; dispersion of pigment in melanophores at earlier time points up to and including 2 hours of changes in both dura and dermal melanophores, but that time course of pigment aggregation is 2 9 0 dissimilar to treatment with 5 ng/mL melatonin. Our results show that maltol induced pigment aggregation in both dura and dermal aggregation in a way that is independent of the background adaptation mechanism present in 2 9 5 these animals. Finally, maltol induced pigment aggregation after 48hr treatment, which was 2 9 6 much slower than the effects of melatonin. Collectively, these data show that systemic exposure 2 9 7
to maltol leads to changes in pigment distribution in the form of aggregation of melanophores in 2 9 8 both the dura mater over the brain and in the skin of Xenopus laevis tadpoles but that maltol's 2 9 9
effects are likely not mediated by the background adaptation mechanism nor by changes in 3 0 0 melatonin signaling.
We found that maltol affects pigment aggregation similarly under white and black may be subtle differences in maltol's response across backgrounds (Fig 3D and Fig 4C) . These 3 0 5 differences may be explained by the fact that the nature of the data is bounded, i.e. limited to
values between zero and one. Given that data were normalized to the CNTL group and that 3 0 7 pigment aggregation circularity under white background is greater than 0.5, it is impossible to 3 0 8
have circularity values that could approach the normalized values under black background.
Regardless, the normalized measures reveal very similar trends in each measure induced by explore this issue by exposing eyeless tadpoles to maltol to ascertain whether the same maltol-
induced pigment aggregation occurs independent of input to non-image forming photoreceptors
in the eye. If eyeless tadpoles exhibit the same melanophore changes in response to maltol
exposure, it would suggest that maltol is inducing these changes at the level of the melanophores 3 2 1 themselves or through another unknown mechanism. Changes in melanophore pigment distribution in many animals are mediated primarily by
two hormones secreted by the brain's pituitary gland, α -melanocyte stimulating hormone (α- melanophore dispersion, whereas MCH is typically responsible for melanophore aggregation. mechanism is regulated by a retino-suprachiasmatic pathway that controls melanotrope cells in by cleaving it from its precursor pro-opiomelanocortin (POMC). We initially hypothesized that 3 3 2 maltol was either downregulating α -MSH or upregulating MCHR as a mechanism to induce 3 3 3 changes in melanophores. We found that our qPCR data evaluating expression of both MCHR
MSH) and melanin concentrating hormone (MCH
and POMC did not show any significant differences induced by maltol between groups on black 3 3 5
and white backgrounds. While our data suggest that the mechanism by which maltol induces 3 3 6 pigment aggregation seems to be independent of these two hormone systems, these data are not
conclusive, however. A limitation of this particular part of this study is that qPCR may not fully Additionally, we would not expect to see much of a change in MCH as the background 
melanopsin-expressing photoreceptors, whereas MCH is the main hormonal regulator of pigment will conclusively determine whether maltol affects pigment distribution via alterations in the 3 5 0 neural and hormonal mechanisms that control background adaptation, our data strongly suggest 3 5 1 that maltol does not act via the background adaptation mechanism.
5 2
Melatonin-induced pigment aggregation is a well-established phenomenon and has been 3 5 3
documented in multiple animals, including both amphibians and fish (Filadelfi et al. 1994) . In fact, melatonin gets its name from its initial discovery in feeding bovine pineal gland to tadpoles, other hand, did not induce sudden pigment aggregation. Instead, pigment aggregation was not
noticeable until 48 hr of treatment, long after the effects of melatonin have worn off. and therefore the effects of maltol emerge more slowly and are much more long lasting than induce pigment aggregation via activation of the pineal gland.
7 4
These results provide insight to toxicity of a particularly sensitive cell type that is
influenced via a wide range of stimuli and offer the opportunity to better understand how some environmental chemicals may impact overall physiology through specific sub-cellular
mechanisms. It is important to note, however, that there are limitations in relating these findings
to human health. First, the route of administration in this study differs from the way that humans
would be exposed to maltol. These animals were treated via bath exposure, whereas the most for maltol to be absorbed through the skin, which is somewhat similar to our route of concentrations used in these studies are likely to be higher than what humans are exposed to at 3 8 7
any given time, but the degree to which people are exposed to maltol in their environments is not percentile exposure levels that are no more than 1.7 ug/kg bodyweight per day (Williams et al. relatively quickly. Thus, although our data show that maltol is capable of affecting this sensitive
cell population in striking ways, much more work needs to be done before drawing conclusions
about the potential effects of maltol on human health.
Our results strongly suggest that maltol does not affect melanophore pigment aggregation 3 9 5 via the background adaptation or the melatonin mechanisms, and therefore the mechanisms by
which maltol affects these changes have yet to be elucidated. Future experiments could evaluate 3 9 7
several other potential mechanisms that maltol may act on to induce the changes described here.
First, the melanophores themselves are photosensitive as they express melanopsin to mediate degree to which pigment dispersed when exposed to light (Rollag 1996) . Given that maltol has None to report. caring for the animals. The data can be made available to readers by contacting the authors of this study. www.nrcresearchpress.com. Kramer BMR, Claassen IEWM, Westphal NJ, Jansen M, Tuinhof R, Jenks BG, Roubos EW. 
